Post-fire vegetation response to snow in the western United States by Nolin, Anne et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 AN ABSTRACT OF THE THESIS OF 
 
Katie Blauvelt for the degree of Master of Science in Geography presented on  
May 2, 2013  
Title: Post-fire Vegetation Response to Snow in the Western United States 
 
Abstract Approved: ____________________________________________ 
          Anne W. Nolin 
 
  The western United States is experiencing significant changes in 
wildfire and snow regimes as a result of warming temperatures. An amplification of 
wildfire activity and reduction in snow water equivalent, snow covered area, and 
earlier spring snowmelt are documented trends that are projected to continue into the 
future. With an increase in wildfire activity, it is important to understand how a 
reduction in snow will impact regenerating vegetation in the western United States. 
The first objective of this study was to assess summer vegetation biomass response to 
antecedent winter snow on a local scale by determining the physiographic 
characteristics that influence the relationship between snow and vegetation in the case 
of the 2002 Biscuit Fire. The second objective was to assess the broad scale regional 
patterns of regenerating vegetation response to snow, by comparing the correlation 
between summer vegetation biomass and antecedent winter snow before and after 
large wildfires across the western United States. Remote sensing data and spatial-
temporal statistics were used to analyze the relationship between snow and 
vegetation. In the local scale analysis, the 2002 Biscuit Fire was analyzed, which burned over 2,000 km
2 in southwest Oregon and northern California. Nonparametric 
Multiplicative Regression (NPMR) was used to explore the complex relationships 
between multiple predictor variables (winter snow frequency, elevation, slope, aspect, 
and burn severity) and the summer vegetation response variable (enhanced vegetation 
index, or EVI), before and after the Biscuit Fire burned. The burned area was subset 
by soil type to determine how soil texture influenced the snow and vegetation 
relationship. In the regional scale analysis, the Pearson’s Correlation Coefficient was 
calculated to analyze the relationship between winter snow frequency and summer 
EVI before and after 23 wildfires across the western United States. In the case of the 
Biscuit Fire, summer EVI responded negatively to snow before the fire, and 
responded positively to snow after the fire. EVI in coarse-textured skeletal soils 
exhibited the clearest shift to a positive response to snow after the fire burned, while 
EVI in fine-textured clay soils did not exhibit this type of shift. The regional analysis 
proved that wildfire disturbances affect the relationship between snow and vegetation 
differently across the western United States. Seven fires clustered near the Biscuit 
Fire in northern California and southwestern Oregon behaved similar to the Biscuit 
Fire, shifting from a negative pre-fire snow and EVI correlation to a less negative or 
positive post-fire snow and EVI correlation. The majority of these fires had relatively 
low average elevations (430 to 1708 m) with greater than 80% forest land cover. Ten 
fire areas exhibited a significant positive pre and post-fire snow and EVI correlation. 
The majority of these fires had relatively high average elevations (1612 to 2291 m) 
and consisted of greater than 50% shrub, scrub, and grass land cover. The local scale 
analysis suggests that the condition of the vegetation (undisturbed vs. regenerating) and the soil texture in which it grows affects its response to winter snow. The low 
water holding capacity of coarse-textured soils and the short root-lengths of 
regenerating vegetation may result in greater dependence on snow as a water 
resource. Regionally, vegetation type and elevation may affect the vegetation’s 
response to snow; short-rooted shrubs at higher elevations above the transient snow 
zone may be more dependent on snow as a water resource. These results suggest that 
the relationship between snow and vegetation is not constant, depending on the 
condition of the vegetation. Increases in wildfire activity and a reduction of snow in 
the future may impact successional trajectories in certain regions where vegetation 
may have historically relied on snowmelt to regenerate. 
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 Chapter 1. Introduction 
1.1 Significance and Motivation 
Climate changes are transforming wildfire and snow regimes across the western 
United States, two ecologically significant processes that play important roles in 
vegetation composition and growth. Since the 1980’s the western United States has 
experienced a dramatic increase in wildfire frequency, size, and length of fire season 
(Westerling et al. 2006). Since the mid 1900’s, warming winter and spring temperatures 
in the western United States have caused a reduction in snowpack accumulation and a 
shift toward earlier spring snowmelt (Mote et al. 2005; Stoelinga et al. 2010). Both trends 
in wildfire and snow regimes are projected to continue in an even warmer 21
st century 
(Rogers et al. 2011; Moritz et al. 2012; Mote 2006).  
High severity, stand-replacing fires initiate forest succession and maintain spatial 
heterogeneity. The absence of a forest canopy after a stand replacing fire allows growth 
of primary succession vegetation, while dead wood and snags act as biological legacies 
that contribute to long-term structural heterogeneity. (Franklin et al. 2002; Graham et al. 
2004). Burn severity mosaics influence the composition of seedling establishment during 
regeneration (Johnstone et al. 2006). Wildfire regimes are directly linked to vegetation 
composition and successional trajectories (Johnstone et al. 2010). 
In most of the western United States, snow is the largest component of water 
storage and is a key source of summer moisture for vegetation in snowmelt-dominated 
basins. Snowpacks act as vital water reservoirs that capture winter precipitation and 
release water during the drier spring and summer months (Mote et al. 2005). In ! 2!
snowmelt-dominated basins of the western United States, spring and summer snowmelt 
runoff contributes 50-80% of total annual flow (Stewart et al. 2005). Timing of snow 
accumulation and melt dictates the annual fluxes in soil moisture, particularly when the 
summer moisture deficits begin (McNamara et al. 2005). With impending changes in the 
hydrologic cycle, areas of significant ecological sensitivity to snow may experience 
changes in vegetation composition and productivity (Trujillo et al. 2012; Stoelinga et al. 
2010). 
Since 2000, 66% percent of wildfires that burn in the 11 western most states occur 
in forested areas that receive seasonal snow contributing as a water resource (Kelly 
Gleason, personal communication, March 20, 2013). If wildfire activity is projected to 
increase and snow water equivalent (SWE) is projected to decrease, it is important to 
understand how the synergistic impacts of shifting trends in wildfire and snow will 
influence western United States vegetation. Elevations between 1,800 and 2,600 m have 
been shown to exhibit the highest correlation between vegetation and snow, which 
coincides with the elevation range that has experienced the strongest increase in wildfire 
frequency since the 1980s (Trujillo et al. 2012; Westerling et al. 2006). With an 
impending amplification of wildfire activity, (Rogers et al. 2011; Westerling et al. 2006; 
Moritz et al. 2012) it is becoming increasingly important to also understand post-fire 
vegetation’s dependence on snow for regeneration.  
 
 
 ! 3!
1.2 Objectives 
This research explores the spatial and temporal patterns of post-fire vegetation 
response to snow in the western United States. The first objective of this study is to 
assess summer vegetation biomass response to antecedent winter snow on a local scale by 
determining the physiographic characteristics that influence the relationship between 
snow and vegetation in the case of the 2002 Biscuit Fire of southwestern Oregon.  
The second objective is to assess the broad scale regional patterns of regenerating 
vegetation response to snow, by comparing the correlation between summer vegetation 
biomass and antecedent winter snow before and after large wildfires across the western 
United States.  
  The following sections discuss the background knowledge and previous work on 
snow and vegetation interactions, processes of vegetation regeneration, and recent trends 
in western United States snow and fire regimes. 
 
1.3 Background and Previous Work 
1.3.1 Snow and Vegetation Interactions 
The relationship between snow accumulation and vegetation growth is one of 
mutual causality. Snow impacts vegetation growth as a water resource and vegetation 
impacts snow accumulation and melt by intercepting precipitation and canopy shading.  
Forest structure plays a key role in sub canopy snowpack energy balance. For 
example, forest canopy shading influences snowmelt rates due to reductions in incoming 
shortwave radiation, the magnitude of which depends on the forest composition and solar ! 4!
angles (Pomeroy and Dion 1996). Disturbances to forest structure, like wildfires, increase 
both sub-canopy snow accumulation and melt rates by reducing interception loss, 
increasing incoming solar radiation, and reducing snowpack albedo levels (Burles and 
Boon 2011).  
Conversely, snow quantity and melt patterns influence vegetation growth. Plant 
growth and development is highly influenced by soil moisture, which is the primary 
source of water necessary for vegetation to perform photosynthesis. Soil moisture 
availability affects plant transpiration, physiological processes, stem water dynamics, 
stomatal regulation, and transpiration loss (Legates et al. 2010). Increasing energy in the 
onset of spring drives snowmelt, substantially increasing the rate of water input to soil 
(McNamara et al. 2005b). McNamara et al. (2005) identified five annual soil moisture 
stages in a snowmelt driven catchment near Boise, Idaho; dry summer, fall transitional 
wetting, winter wet low-flux, spring wet high-flux, and transition late spring drying 
period. During the snowmelt season, or the late spring wet high-flux period, bedrock flow 
occurs, signifying that the deepest soil layers have reached field capacity. The end of 
snowmelt input dictates when soil moisture levels begin to decline (McNamara et al. 
2005). 
Vegetation’s response to snow is influenced by multiple physiographic variables 
that dictate both the vegetation’s dependence on snow as a water resource and the soil’s 
capacity to retain moisture. Soil texture is the primary factor dictating soil water 
characteristics; finely textured soils retain more water than coarsely textured soils 
(Saxton and Rawls 2006). In a study in a semi-arid basin near Boise, Idaho, Smith (2011) ! 5!
showed that coarse soil textures and shallow soil depths limit the soil’s capacity to retain 
moisture. At the study site, winter precipitation exceeded soil storage capacity by 2.5 
times, and therefore the vegetation did not show a strong response to winter snow (Smith 
et al. 2011). Organic matter, gravel component, salinity, and aspect also have important 
effects on saturation and hydraulic conductivity (Saxton and Rawls 2006). Soils on north 
aspect can retain 25% more water than soils on south aspect (Geroy et al. 2011). Litaor 
(2008) also found that annual plant biomass is not correlated with snow attributes and soil 
moisture on steep topography, on which snowpack and soil moisture is not well captured 
by measurements of aboveground biomass.  
In certain environments, snow can also act as an insulator for vegetation in the 
winter. In Norwegian high mountain landscapes, ecosystem functioning was found to be 
heavily determined by snow cover distribution and melt patterns. Because plant survival 
was attributed to snow protection during periods of low temperatures, vegetation 
distribution was a function of snow distribution (Löffler 2007).  
Dendroecological analysis of high elevation southern Idaho forests show that tree 
growth has a positive correlation with winter and spring precipitation. Abundant 
snowpack and cool spring temperatures allow the snowpack to gradually melt into the 
early summer and provide ideal soil moisture for tree growth (Perkins and Swetnam 
1996).  
Furthermore, in a study using remote sensing data of vegetation greenness and 
snow accumulation records from 1986 to 2006, Trujillo et al. (2012) demonstrates that 
maximum snow accumulation explains up to 50% of interannual variability of forest ! 6!
greenness in the Sierra Nevada region. The importance of snow as a predictor for 
vegetation greenness was found to be a function of elevation, where vegetation between 
1,800 and 2,600 m. exhibited the highest correlation with snow. These elevations are 
above the rain-to-snow transition zone, leaving only snow as the main contributor of 
water during the winter months. Therefore, these mid-elevation forests were suggested to 
be most sensitive to future changes in snow accumulation and melt patterns (Trujillo et 
al. 2012).  
 
1.3.2 Post-Fire Vegetation Regrowth 
Natural forest disturbances, like wildfires, initiate the establishment of a new 
dominant tree cohort, while leaving behind structural elements from the pre-disturbed 
forest. Mixed burn severities and biological legacies, like snags and logs, enhance forest 
structure heterogeneity. Large trees preferentially survive wildfires; hence many 
previously burned Douglas fir stands consist of a mosaic of large old trees and biological 
legacies. However, large, intense fires can replace the entire stand, leaving no living trees 
(Franklin et al. 2002).  
After a disturbance, early forest succession begins with seed germination and 
cohort establishment, where a new generation of trees begins to grow. Initial growth of 
naturally regenerating conifers is focused below ground. Two years post-fire, seedlings 
have root:shoot length ratios of 5:1, where the roots attempt to access deep soil layers in 
which summer moisture deficits are less severe (Stein 1978). The spatial and temporal 
patterns of regenerating trees are largely dependent on the burn severity mosaic, climate ! 7!
conditions, competing vegetation, and abundance and distance to a seed source (Halpern 
and Franklin 1990; Donato et al. 2009; Johnstone et al. 2006) 
Seeds have two sources; preexisting seed banks in the soil and dispersed seeds 
from surrounding trees (Donato et al. 2009a). The variation in different species’ 
regenerating strategies, (including seed dispersal, seed banking, or sprouting), results in a 
diverse vegetation mosaic (Halofsky et al. 2011). Some species germinate immediately 
after seed dispersal, while others lay dormant until climatic conditions are ideal for 
survival (Densmore and Zasada 1983).  
Physiographic characteristics, like latitude and elevation influence site moisture 
levels, which has been shown to dictate the regenerating seedling communities 
(Johnstone et al. 2010). Johnstone (2010) showed that several sites in an Alaskan black 
spruce-dominated forest that experienced high severity fire shifted to a deciduous tree 
dominated seedling community post-fire. Sites that experienced this shift were associated 
with low moisture levels. Impending climate changes may transform current landscape 
moisture dynamics and shift successional trajectories (Johnstone et al. 2010).  
Johnstone’s (2004) study of post-fire boreal seedling establishment in 
southeastern Yukon confirms the notion that tree recruitment occurs three to ten years 
post-fire. Once the regenerating tree cohort reaches canopy closure, competitive 
exclusion begins, where sub-canopy light levels, temperature, and winds are reduced. At 
this point, certain species secede to others that thrive in the new conditions. The stage 
after canopy closure is characterized by competition within the tree cohort, but more so ! 8!
by rapid biomass accumulation from tree diameter and height growth. Intra-tree 
competition gradually diminishes as stand maturity is approached (Franklin et al. 2002).  
Dry ponderosa pine forests in the interior west exhibit relatively slow 
regeneration after intense fires; partly attributed to heavy seeds and small forest patch 
sizes. Conversely, wetter forest types exhibit relatively higher levels of regeneration. 
Conifers in the Klamath-Siskiyou region have adapted to low and high severity fire with 
thick bark and well dispersed seeds that can germinate in mineral soil. Knobcone pine, in 
particular, has flourished in the Klamath-Siskiyous region since the decline of fire 
suppression, likely due to its serotinous cones (Donato, et al. 2009). This study analyzes 
regeneration response to snow of many different vegetation types across the western 
United States, ranging from sagebrush and grassland to dense Douglas fir forest.  
 
1.3.3 Trends in Western U.S. Wildfire and Snow Patterns 
Average temperatures across the Colorado and Columbia River Basins and 
California Sierra Nevada range are projected to be at least 3°C warmer in 2050-2099 than 
the 1950-1999 averages (Das et al. 2011). Though slight increases in temperature are 
often indistinguishable to humans, substantial affects are manifested in many 
environmental processes that are in intricate balance with climate, including amplified 
fire regimes, earlier spring snowmelt and reduced snow water equivalent (SWE, or liquid 
water content) (Westerling et al. 2006; Stewart et al. 2005; Mote et al. 2005; Nolin and 
Daly 2006).  ! 9!
Knowles (2006) demonstrates that western United States average winter 
maximum and minimum temperatures have increased by 1.4°C and 1°C respectively 
between 1949 and 2004. These warming trends have reduced the fraction of precipitation 
that falls as snow by an average of 14% in January and 9% in March (Knowles et al. 
2006). Analyzing 824 snow course locations across the western United States and 
Canada, Mote (2005) discovered an overall declining trend in SWE between 1950 and 
1997, notably in western Washington, Oregon and northern California where trends in 
excess of -50% and -75% in April 1 SWE were recorded. McCabe and Wolock (2009) 
documented a significant reduction of northern hemisphere mid latitude March snow 
covered area between 1905 and 2002. The reduction in snow-covered area is significantly 
correlated (r = -.64) with winter temperature (McCabe and Wolock 2009). Only two 
periods (1300 to 1330 C.E. and 1511 to 1530 C.E.) of sustained low snowpack in the 
northern cordillera throughout the past 800 years were comparable to the current (early 
and late 20
th century) April 1 SWE (Pederson et al. 2011). Warming spring temperatures 
are also altering snowmelt regimes, where a one to four week shift in the onset of spring 
snowmelt and stream flow has been documented across most of western North America 
(Stewart et al. 2005). Fritze (2012) found that this trend in earlier runoff has been most 
pronounced in gauges with the greatest snowmelt component.  
Changing snow accumulation and melt patterns are expected to persist with a 
warming climate. Under a 2°C winter warming scenario, Nolin and Daly (2006) found 
that snow covering an area of 9,200 km
2 in the western mountains of the Pacific 
Northwest would be at risk of falling as rain. Mote (2006) claimed that a 0.3°C /decade ! 10!
warming trend in western mountains would shift the 0°C isotherm to the location of the 
current 3°C isotherm by 2100, causing most of the westernmost mountains to be in the 
transient snow zone. Furthermore, Stoelinga (2010) predicted a 9% Cascade snowpack 
reduction from 1985-2025.  
Changes in melt patterns are also expected to further impact future summer flow 
quantity and timing. Less water stored as snow at the end of winter is highly probable in 
the California Sierra Mountain region, where an earlier arrival of annual flow volume by 
up to 36 days by 2071-2100 is expected (Maurer 2007). Das et al. (2011) found that a 
3°C increase in temperature across the Colorado, Columbia, North and South Sierra 
basins will result in a -14.6%, -11.8%, -11.0%, and -14.3% reduction in warm season 
stream flow respectively, due to earlier snowmelt. A 1°C warming over the Colorado 
River basin applied separately to the January, April, July, and October months resulted in 
a summer soil moisture deficit in each scenario, due to earlier snowmelt and increased 
evapotranspiration (Das et al. 2011). Declining snowpack projections imply serious water 
resource implications considering 60-80% of the Columbia, Colorado, and Missouri 
River basins originate as snowpack (Pederson et al. 2011; T. P. Barnett et al. 2005; Das et 
al. 2011) 
Snowmelt patterns not only impact western U.S. ecology, but they also indirectly 
affect systems that are sensitive to moisture levels, like fire. Earlier snowmelt and 
warmer spring and summer temperatures have caused a dramatic increase in western 
United States’ wildfire frequency and duration since the 1980’s. The interannual 
variability of wildfire frequency is strongly associated (Spearman’s correlation of 0.76) ! 11!
with spring and summer temperatures, where more fires burn in hotter years than in 
cooler year (Westerling et al. 2006). Wildfire seasons have lengthened by an average of 
78 days between the periods 1970-1986 and 1987-2003. This increase in wildfire 
frequency is most prominent in the northern Rockies, where 60% of large fires (> 400 ha) 
burned. The remaining increase in fires occurred in the Sierra Nevada, southern 
Cascades, and Coast Ranges of northern California and southern Oregon (Westerling et 
al. 2006). Morgan et al. (2008) demonstrates that 20
th century periods with warm springs 
followed by warm dry summers and a postive Pacific Decadal Oscillation (PDO) are 
associated with regionally synchornous long fire seasons and large fire extents in the 
nothern Rockies. They also suggest this trend may be attributed to an earlier melting 
snowpack (Morgan et al. 2008).  
The amplification of fire regimes is projected to continue into the future, 
especially in Mediterranean ecosystems and temperate forests of the western United 
States (Moritz et al. 2012). The spring stream-flow maximum in the western United 
States is predicted to shift one month earlier by 2050, which will elongate the dry season. 
Drier summers in combination with increased summer temperatures is expected to cause 
enhanced fire danger over much of the west (Barnett et al. 2004). Rogers’ (2011) 
simulations of burn area increased between 76-310% in the Pacific Northwest by the end 
of the 21
st century. Because snow and wildfire play important roles in western United 
States ecology, reductions in snowpack and amplifications of wildfire patterns have 
considerable implications for western United States vegetation. 
 ! 12!
Chapter 2. Research Methods 
2.1 Approach 
Satellite remote sensing data and spatial-temporal statistics were employed to 
explore the relationships between summer vegetation biomass and antecedent winter 
snow in the western United States. On a local scale, one large wildfire was intensely 
analyzed to determine the local variability in pre- and post-fire vegetation response to 
snow. On a regional scale, 23 wildfires across the western United States were analyzed to 
explore the broader scaled spatial patterns of pre- and post-fire vegetation response to 
snow. 
 
2.2 Description of the Study Areas 
2.2.1 Local Analysis Study Area: Oregon Biscuit Fire  
On July 13, 2002, lightning strikes ignited the Biscuit Fire in the Siskiyou 
National Forest of southwestern Oregon and northern California (Figure 2.1). The fire 
wasn’t declared extinguished until December 31, 2002, after burning 2,023 km
2, making 
the Biscuit Fire Oregon’s single largest recorded fire. The fire encompassed the entire 
Kalmiopsis Wilderness and parts of the Siskiyou National Forest (Figure 2.1). Photos of 
the Biscuit Fire area in Figure 2.2 show regions of the Kalmiopsis Wilderness that 
experienced high severity burning 9 years post-fire. 
The Biscuit Fire region is ecologically and geologically diverse. Fifteen forest 
types with high stand complexity exist within the Biscuit Fire perimeter: Pseudotsuga 
menziesii (Douglas fir), Calocedrus decurrens (incense cedar), Pinus jeffreyi (jeffrey ! 13!
pine), Pinus attenuata (knobcone pine), Pinus ponderosa (ponderosa pine), 
Chamaecyparis (Port-Orford cedar), Pinus lambertiana (sugar pine), Pinus monticola 
(western white pine), Abies concolor (white fir), Acer macrophyllum (bigleaf maple), 
Umbellularia californica (California laurel), Quercus agrifolia (canyon live oak), 
Castanopsis chrysophylla (golden chinkapin), Arbutus menziesii (Pacific madrone), and 
Lithocarpus densiflorus (tanoak) (Azuma et al. 2004). Five major State Soil Geographic 
Database (STATSGO) classifications exist within the fire boundary (Figure 2.3, Table 
2.1). The predominant soil types (Vermisa, Vannoy, Josephine, Beekman soils) are 
loamy, skeletal, and mixed Dystroxerepts, Haploxerults, and Haploxeralfs. Other soils 
that exist within the boundary (Pearsoll, Dubakella, Cornutt, Whobrey, Reinearson, 
Remote, and Etelka soils) are fine, clayey, and silty Dystroxerepts, Haploxeralds, 
Eutrudepts, Humudepts, and Dystrudepts.  
Taking into account both vegetation and soils, the Biscuit Fire can be partitioned 
into three distinct ecoregions; Serpentine Siskiyous, Inland Siskiyous, and Coastal 
Siskiyous (Figure 2.4) (Thorston et al. 2003). The Serpentine Siskiyous ecoregion is 
characterized by harsh conditions where many plants have difficulty growing due to a 
shortage of calcium and high levels of magnesium, nickel, and chromium in the soil. 
Vegetation is sparse here with only specialist species present, like Jeffrey pine, endemic 
oaks, and ceanothus. The Inland Siskiyous ecoregion is a high, mountainous region with 
a high fire frequency and long summer drought, comprised of a mix of conifers, broadleaf 
evergreens, and deciduous trees and shrubs. The Coastal Siskisyou ecoregion has a wetter 
maritime climate, and consists of tanoak, Douglas fir, and some Port-Orford cedar ! 14!
forests, while broadleaf evergreens, like tanoak and madrone, are the first to colonize 
disturbed areas (Thorston et al. 2003) 
The fire regimes in the Kalmiopsis Wilderness and Siskiyou region are low to 
mixed severity with 5-35 year intervals for drier vegetation and 50-200 years for wetter 
vegetation (Azuma et al. 2004). The Monitoring Trends in Burn Severity (MTBS) project 
subset the Biscuit Fire area into burn severity classes according to vegetation differences 
in pre-fire and post-fire satellite remote sensing data. According to the MTBS, 21% of 
vegetation within the Biscuit Fire perimeter burned with low severity, 30% burned with 
moderate severity, and 29% burned with high severity. The remaining area was classified 
as unburned. Of the moderate and high burn severity classes, 84,000 ha of forest 
experienced stand replacing fire (Donato et al. 2009). 
The Biscuit Fire area consisted of 69% softwood forest and 26.2% hardwood 
forest. In general, the softwood forests burned more severely than hardwood forests, 
except for Douglas fir, which covered about 44% of the total burned area. Only 34% of 
the Douglas fir forest was classified as moderate or high burn severity. The majority of 
hardwood forests (82%) burned with low or very low severity. Tanoak was the dominant 
vegetation in the hardwood forests (63%), of which less than 15% burned with moderate 
to high burn severity (Azuma et al. 2004). Regeneration composition was similar to pre-
fire over story composition, including Douglas fir, white fir, and sugar pine. However 
more knobcone pine was present after the fire (Donato et al. 2009). The high level of self-
replacement after the Biscuit Fire suggests strong species and community resilience 
(Halofsky et al. 2011). Two years post-fire, hardwoods and woody shrubs covered an ! 15!
averaged 25% of the area while forbs and low shrubs covered 34% of the area. Four years 
after the fire, average hardwood-shrub cover was 33%, while average forb and low shrub 
cover was 48% (Donato et al. 2009a). Regenerating broadleaf species were taller than 
conifers, suggesting the likely dominance of the broadleaf species during early succession 
(Donato et al. 2009). 
The burn severity mosaic pattern of the Biscuit Fire shaped the ecosystem 
composition during the regeneration phase. Along edges and small forest patches, conifer 
seedlings and sprouting hardwoods were prominent and in the interiors of large forest 
patches hardwood regeneration with little conifer establishment was prominent (Halofsky 
et al. 2011). Soil parent material also shaped regeneration density. Skeletal, coarse-
grained soils exhibited lower regeneration densities than those of metasedimentary soils 
(Donato et al. 2009).  
 
 
2.2.2 Regional Analysis Study Areas: 23 Fires in the Western U.S. 
 
The regional portion of the analysis analyzes fires that burned across the various 
climates and vegetation types of the western United States. The conterminous western 
United States is predominantly characterized by arid-steppe, warm temperate-summer 
dry, and arid-desert climates (Kottek et al. 2006). Within the western United States, 
maximum seasonal SWE is found in the Olympic Cascades and Blue Mountain Ranges 
of the Pacific Northwest, the California Sierra Nevada, and the Northern Rocky 
Mountains of Idaho and Western Montana. The lowest amounts of SWE are found in the 
mountains of Arizona and New Mexico. The percentage of annual precipitation falling as ! 16!
snow is 67% in the Sierra Nevada region, 64% in Northwestern Wyoming, 63% in 
Colorado, 62% in Idaho and Western Montana, 50% in the Pacific Northwest, and 39% 
in the Arizona/New Mexico regions (Serreze et al 1999). In most of the western United 
States, the majority of precipitation tends to fall between October and March, except in 
the Arizona/New Mexico regions, where a large fraction of precipitation falls during the 
summer monsoon. SWE and precipitation interannual variability is higher in the 
mountains of the Pacific Northwest, the California Sierra Nevada, and the mountains of 
Arizona and New Mexico compared with SWE interannual variability in colder 
mountains of the interior West. Because temperature is a very influential factor for SWE 
in these regions, they may be more vulnerable to climate change than the colder 
continental regions (Serreze et al. 1999). 
  Several ecosystem divisions make up a mosaic of vegetation types in the western 
United States. Bailey (1995) characterizes these divisions as follows. The Mediterranean 
division is located on the Pacific Coast between 30 and 45˚ N latitude, and consists of 
sclerophyll forests, or hard-leaved evergreen trees and shrubs. The Marine division is 
located on the Pacific Coast between 40 and 60˚ N latitude, and consists of needle leaf 
forests with a prominence of Douglas fir, redcedar, and spruce. The Temperate Desert 
division in the continental regions of the Western United States consists of sparse 
xerophytic shrub vegetation, like sagebrush. The Southern Tropical/Subtropical Steppe 
division consists of short grasses, herbs, and locally developed shrub and woodland. The 
Northeastern region of the western United States is mostly comprised of the Temperate 
Steppe Division, which consists of short grasses in sparsely distributed bunches, scattered ! 17!
shrubs, and low trees. Wildfire plays an important role in the spatial and temporal 
vegetation processes in all ecosystem divisions of the western United States by 
influencing successional trajectories and maintaining spatial heterogeneity.  
The 23 fires included in the regional analysis occurred in nine states across the 
West between 2002 and 2008, and ranged in size from 62 to 2,004 km
2 (Table 2.2, Figure 
2.5). All 23 fires comprised of at least 30% moderate and high burn severity (Table 2.2). 
According to the 2001 National Land Cover Database (NLCD), the fires’ land covers 
primarily consist of a combination of forest (evergreen, deciduous, and mixed) and shrub, 
scrub, and grass (Table 2.3). Average elevations of the fire areas range from 430 to 2,341 
m, average slope ranges from 1 to 6°, and average aspects range from 68 to 344° (Table 
2.3).  
Thirteen fire areas consisted of greater than 80% forest land cover and less than 
20% shrub, scrub, and grass land cover classification. The 2005 Blossom Fire burned 62 
km
2 in the Wild Rogue Wilderness and Siskiyou National Forest of southwest Oregon. 
The 2003 B&B Complex Fire was formed by a linked pair of fires (the Bear Butte Fire 
and Booth Fire) that burned 369 km
2 along the crest of the Cascade Mountains between 
Mount Jefferson and Mount Washington, in the Willamette and Deschutes National 
Forests. The 2003 Fawn Peak Fire burned 313 km
2 in the Okanogan National Forest in 
northern Washington. The 2006 Pigeon Fire burned 409 km
2 in northwestern California’s 
Trinity National Forest. The 2008 Unnamed Fire burned 408 km
2 in the Six Rivers and 
Klamath National Forests of northwestern California. The 2007 Moonlight and Antelope 
Fires burned 266 and 94 km
2 respectively in the Plumas National Forest of northeastern ! 18!
California. The 2007 Bridge Fire burned 297 km
2 in the Clear Water National Forest of 
northeastern Idaho. The 2007 Ahorn Fire burned 185 km
2 in the Lewis and Clark 
National Forest of northwest Montana. The 2002 Burn Canyon Fire burned 124 km
2 in 
and around the Uncompahgre National Forest of southwestern Colorado. The 2003 
Bulldog Fire burned 128 km
2 in the Henry Mountains of southeast Utah. The 2006 Derby 
Fire burned 813 km
2 in and around the Gallatin and Custer National Forests of south-
central Montana. Lastly, the 2006 Tripod Complex Fire burned 466 km
2 in the Okanogan 
National Forest. 
Ten fires consisted of greater than 50% shrub, scrub, and grass land cover and less 
than 30% forest land cover classification. These fires include the following. The 2002 
Rattle Complex Fire consisted of two linked fires (the Diamond Creek Fire and the Black 
Canyon Fire) and burned 354 km
2 in the Book Cliffs, encompassing the Willow, 
Cottonwood, and Diamond Creek watersheds in east-central Utah. The 2006 Middle Fork 
Complex Fire burned 137 km
2 in the Challis National Forest of central Idaho. The 2002 
Rodeo Fire burned 1,869 km
2 in and around the Sitgreaves and Tonto National Forests of 
east-central Arizona. The 2002 McNally Fire burned 593 km
2 in central California’s 
Sequoia National Forest. The 2002 Biscuit Fire burned 2,004 km
2 in the Kalmiopsis 
Wilderness and Siskiyou National Forest of Southwest Oregon. The 2006 Granddad Fire 
burned 119 km
2 on the flanks of the Steens Mountains in southwest Oregon. The 2002 
Cannon Fire burned 102 km
2 in the Troiyabe National Forest in East-Central California. 
The 2006 Sailor Cap Fire burned 254 km
2 near Twin Falls in southwestern Idaho. The ! 19!
2006 Suzie Fire burned 331 km
2 near Elko in northeast Nevada, and the 2005 Delamar 
Fire burned 698 km
2 in the Bureau of Land Management Ely District.  
The following sections will describe the remote sensing datasets used in the 
regional analysis, and the statistical methods employed to analyze the relationships 
between snow and vegetation. 
 
2.3 Data Sets Used 
2.3.1 EVI and Snow Frequency 
The relationship between snow and vegetation was analyzed using remote sensing 
data, geographic information science (GIS), and statistical methods. The Enhanced 
Vegetation Index (EVI) was used as a proxy for vegetation biomass, and snow frequency 
was used as a proxy for snow in all analyses (Figure 2.6). Both products were calculated 
using reflectance data from the Moderate Resolution Imaging Spectroradiometer 
(MODIS), collected at 500m spatial resolution. 
  The snow frequency product was created to depict seasonal snow patterns across 
the conterminous United States. Eight-day composites from the MOD10A2 
MODIS/Terra snow cover 8-Day L3 Global 500m Grid maximum snow extent product 
were downloaded and used to calculate snow frequency. The composites are provided in 
subset granules, of which 14 must be downloaded and mosaiced to cover the 
conterminous United States. Because snow frequency was calculated on a seasonal basis, 
11 to 12 mosaiced composites were downloaded for each water-year season that was 
created from 2001 – 2011, (October, November, December fall season, January February, ! 20!
March winter season, April, May, June spring season, and July, August, September 
summer season). For each pixel, the number of times snow was detected in a season 
divided by the number of valid observations per season was calculated to obtain snow 
frequency (Figure 2.8). A snow frequency of 25% in a season with 12 valid composite 
observations signifies that snow was detected in three of the composites and not in the 
other nine.  
EVI is a proxy for vegetation biomass that was designed to enhance the 
vegetation signal by improving sensitivity to high biomass regions, de-coupling of the 
canopy background signal, and reducing atmospheric influence (Huete et al. 2002). This 
is accomplished using a ratio of red, near-infrared, and blue reflectance bands from the 
MODIS instrument. This combination of reflectance bands utilizes the spectral signature 
of vegetation, where photosynthetically active plants tend to absorb red wavelengths and 
reflect near-infrared wavelengths. The atmosphere-sensitive blue wavelength is used to 
correct the red band for aerosol affects (Huete et al. 2002). Eight-day composites from 
the MOD09A1 MODIS Terra/Aqua Surface Reflectance 8-Day L3 Global 500m product 
aggregated for the conterminous United States served as the reflectance data to calculate 
EVI. Because EVI was also calculated on a seasonal basis, 11 to 12 eight-day composites 
were downloaded for each water-year season (2001-2011). MOD09A1 includes eight 
reflectance bands, of which three are used to calculate EVI; bands one, two, and three. 
EVI was calculated for each eight-day composite using the equation in Figure 2.7. 
Each pixel value is a proxy for the amount of vegetation biomass detected on a 
scale from negative one to positive one, negative one being low biomass and one being ! 21!
high biomass; most green vegetation lies between .2 and .8. Statistics were computed on 
the EVI composites within each season to create a median, mean, maximum, and 
minimum seasonal EVI product.  
Winter snow frequency was used to analyze vegetation’s response to snow 
because winter snow acts as a water reservoir that delivers soil moisture into the late 
spring and early summer. Summer EVI was used because vegetation is likely to be most 
dependent on this source of moisture during the dry Mediterranean summers in the 
western United States. Median EVI was chosen because of its resistance to outliers.  
 
2.3.2 Fire Perimeters and Burn Severity 
Assessing vegetation response to snow before and after wildfires requires the 
exact boundary of fires in question. The MTBS project provides shapefiles of all wildfire 
perimeters from 1984-2010 across the United States. Shapefiles of the 23 fires 
incorporated in this study were downloaded and implemented in the GIS analysis.  
To determine the degree at which vegetation within the fire perimeters 
experienced burning, the Relative Differenced Normalized Burn Ratio (RdNBR) remote 
sensing product was downloaded from the MTBS project for each fire included (shown in 
Figure 2.1). RdNBR is a burn severity-mapping technique that transforms the differenced 
normalized burn ratio (dNBR), into a relative measurement. dNBR uses a ratio of the 
Landsat Thematic Mapper (TM) near infrared (NIR) and short-wave infrared (SWIR) 
bands to measure the difference in the amount of living chlorophyll in plants between a 
pre- and a post-fire image. Chlorophyll contents vary depending on vegetation type and ! 22!
density; as a result RdNBR was created to remove the bias inherent in pre-fire vegetation 
states. If a high-density and a moderate-density forest both experienced a stand replacing 
fire, the dNBR value of the high-density forest would be greater than that of the 
moderate-density forest even though they both experienced a high severity stand 
replacing burn (Figure 2.9). RdNBR accounts for this bias by dividing the dNBR value 
by the square root of the absolute value of the pre-fire NBR value (Miller and Thode 
2007).  
 
2.3.3 Elevation, Slope, and Aspect 
A digital elevation model (DEM) was used to record the elevations of the areas 
within each fire perimeter included in this analysis. DEMs covering all fire areas were 
downloaded from the United States Geologic Survey (USGS) National Map Viewer and 
Download Platform at 30m spatial resolution. The topographic modeling tool in the 
Environment for Visualizing Images (ENVI) software was used to create slope and aspect 
layers from the DEMs (Figure 2.10). All datasets were layer-stacked with the EVI and 
snow frequency layers in ENVI to maintain 500-m spatial resolution. 
 
2.3.4 Land Cover 
  The 2001 National Land Cover Database (NLCD) from the Landsat instrument, 
created by the Multi-Resolution Land Characteristics (MRLC) Consortium (Figure 2.11), 
was used to determine the dominant land cover classification of each fire area. The 
NLCD classifies land cover into 16 different categories, ranging from open water, to ! 23!
evergreen forest, to developed high intensity land (Homer et al. 2012). The 30-m spatial 
resolution NLCD was layer-stacked with EVI and snow frequency layers in ENVI to 
maintain 500m spatial resolution throughout analysis. 
 
2.3.5 Soils 
  The State Soil Geographic Database (STATSGO) was used to identify the soil 
types present in each fire area. The STATSGO database (Figure 2.12) provides polygons 
of soil classifications for the conterminous United States, which are generalized and 
compiled from the higher resolution Soil Survey Geographic (SSURGO) maps. The 
STATSGO database provides information such as percent organic matter, depth to 
bedrock, soil erodability, and permeability. The STATSGO data were downloaded for the 
conterminous United States to extract soil characteristics of each fire. Each fire area 
contains several STATSGO soil polygons, so the soil types within each polygon were 
recorded.  
 
2.3.6 Summer Precipitation 
The Parameter-elevation Regressions on Independent Slopes Model (PRISM) 
climate mapping system (Daly et al. 1994, 2002) was used to determine the average 
amount of summer rainfall each fire area receives. The PRISM dataset uses point 
measurements of precipitation and temperature data to interpolate continuous digital grid 
estimates of monthly climate values. The 1981-2010 July, August, and September 
average monthly precipitation datasets of the conterminous United States were ! 24!
downloaded in order to calculate average summer rainfall across the western United 
States (Figure 2.13), and for each fire area.  
 
2.3.7 Snow Characterization 
  Snow characteristics, including quantity of peak SWE, timing of peak SWE, 
timing of snow disappearance, and the lag between peak SWE and snow disappearance 
dates, were downloaded from Snowpack Telemetry sites. A shapefile of all SNOTEL 
locations was downloaded to determine their proximity to fire sites included in this 
analysis. Twelve SNOTEL sites were located near 14 fires, and were therefore used to 
characterize the snow in their region. At each site, 30 years of SWE data (1983-2012) 
were downloaded to calculate the average snow characteristics.  
 
2.4 Local Analysis Methods: Oregon Biscuit Fire 
Median summer EVI response to winter snow frequency within the Biscuit fire 
perimeter was assessed annually from 2001-2011 using Nonparametric Multiplicative 
Regression (NPMR) and the HyperNiche software (McCune 2006). The temporal span of 
the analysis allowed comparison of vegetation response to snow in an undisturbed state 
prior to a burn with that of a ten-year regenerating state post-burn.  Vegetation response 
to snow was hypothesized to be dependent on multiple physiographic variables; therefore 
our analysis incorporated winter snow frequency, elevation, slope, aspect, and RdNBR 
(burn severity) as predictor variables for the summer median enhanced vegetation index 
(EVI) response variable. Soil type was also hypothesized to influence vegetation response ! 25!
to snow; therefore, NPMR was also used to analyze EVI response to the predictor 
variables separately for each of the five different STATSGO soil classification polygons 
within the Biscuit fire area. 
NPMR was an ideal method to determine the relationship between summer EVI 
and winter snow frequency, elevation, slope, aspect, and burn severity because it can 
convey complex relationships between multiple predictor variables and a response 
variable. Some regression techniques utilize global models to fit a specified shape to an 
entire data set, like linear regression. NPMR does not assume the shape of the response 
curve; instead, it fits a local model to each sample unit of the dataset using a Gaussian 
weighting function. Coefficients are not calculated to describe a fixed global form. 
Instead of an equation, a curve is fit along a series of plotted points.  
The weights of each variable assigned using the Gaussian weighting function are 
combined multiplicatively, so the response to one predictor variable depends on the value 
of other predictor variables. For example, EVI response to elevation may depend on 
aspect. The fitted curve is also created using leave one out cross-validation to avoid over-
fitting. Together, the weighting function and local models allow expression of complex 
interactions between multiple predictor variables and a response variable.  
The model fits are evaluated with the cross-validated R
2 value (xR
2). This is a 
measure of the size of the residual sum of squares (RSS) compared to the total sum of 
squares (TSS). The xR
2 value is more conservative than traditional R
2 because the model 
is built using leave on out cross validation (McCune 2006). Sensitivity measures are used 
to evaluate the relative importance of predictor variables by nudging predictors ± 5% of ! 26!
their range and measuring the resulting change in the estimate response point. The change 
in the response after nudging the predictor is measured as a fraction of the observed range 
in the response variable. Sensitivity values range from zero to one, zero indicating the 
predictor variable has no influence on the response variable and one indicating a + 5% 
nudge in the predictor variable causes a + 5% change in the response variable (Mccune 
2011).  
A local linear model and a Gaussian kernel smoother were selected in the 
HyperNiche software to build all NPMR models relating summer EVI to winter snow 
frequency, elevation, slope, aspect and RdNBR (Figure 2.14). The local linear model was 
chosen over the local mean model because it is more appropriate for large data sets 
(Mccune 2011), and the Biscuit fire area has over 8,000 points.  
For each year of the snow frequency and EVI dataset (2001-2011), an NPMR 
model was built relating summer median EVI to winter snow frequency, slope, aspect, 
and elevation; RdNBR was also incorporated as a predictor variable for the years after the 
Biscuit Fire burned (2002-2011). The summer EVI response variable sensitivity to each 
of the five predictor variables was recorded for each model created.  
In addition, a 1-km control buffer around the Biscuit Fire perimeter (Figure 2.15) 
was extracted and used to build NPMR models over the same time span. This was done 
to compare EVI response to snow before and after the fire (inside the Biscuit Fire 
perimeter) with that of an area with similar vegetation and physiography that did not 
experience burning (in the control buffer). Since elevation is the most influential 
predictor variable, histograms of the elevation within the Biscuit Fire perimeter and the 1 ! 27!
km control buffer were created to compare their elevation spreads and distributions. To 
ensure that the 1-km control buffer around the Biscuit Fire perimeter did not experience 
burning, pixels with positive burn severity indicated from RdNBR were excluded from 
the NPMR model building. The summer EVI response variable sensitivity to each 
predictor variable was recorded for each model created from the control buffer. 
Lastly, the STATSGO soil polygons were used to compare the snow and EVI 
relationships between the different soil types. Each of the five polygons were used to 
extract their corresponding data and build separate NPMR models one year before and 
one year after the fire to determine how soil type influences the snow and EVI 
relationships.  
Optimal models were chosen based on the xR
2 value. Including the yearly (2001-
2011) models built within the Biscuit Fire area, the control buffer, and each soil type 
within the fire perimeter, 32 NPMR models were built in total. For each model, summer 
EVI response to winter snow frequency was inspected as a function of elevation. This 
was accomplished by taking slices of different elevation bands from each three-
dimensional response surface and plotting the slices in two-dimensional graphs. This 
graphical depiction illustrated the interactions between snow and elevation to yield EVI.  
 
2.5 Regional Analysis Methods: Western United States Fires 
2.5.1 Identifying Fires to Include in Analysis 
The regional variability of regenerating EVI response to snow frequency was 
examined after 23 wildfires across the western United States. The Monitoring Trends in ! 28!
Burn Severity (MTBS) database was used to identify 23 fires that occurred within the 
temporal span of the EVI and snow frequency datasets (between 2001 and 2011), 
occurred in regions that receive winter snow, were larger than 60 km
2, and experienced a 
large proportion of moderate-high burn severity. To represent the various climate, soil, 
vegetation, and physiographic characteristics of the western United States, at least one 
fire was identified in Washington, Oregon, California, Arizona, Nevada, Idaho, Montana, 
Utah, and Colorado.  
In order to characterize each fire site, several physiographic and climatic 
attributes were extracted or calculated within each fire perimeter. The average elevation, 
slope, and aspect were extracted from the DEM, slope, and aspect layers. The soil types 
were recorded from the STATSGO soil survey dataset. The dominant vegetation type 
was recorded from the 2001 NLCD dataset. The average summer rainfall was calculated 
from the July, August, and September average monthly precipitation PRISM datasets. 
Lastly, average snow characteristics were calculated from the 12 SNOTEL sites located 
near 14 of the fires.  
 
2.5.2 Pearson’s Correlation Coefficient 
The Pearson’s correlation coefficient was used to assess summer median EVI 
response to antecedent winter snow frequency. The correlation coefficient between 
summer median EVI and winter snow frequency one year before and one year after each 
fire was calculated for all 23 fires. This statistic ranges from negative one to positive one 
and describes how negatively or positively correlated the two variables are. For each of ! 29!
the 23 fire sites, the Pearson’s correlation coefficient was calculated using all pixels 
within the fire boundary that experienced moderate to high burn severity.  
The RdNBR product from the MTBS project was used to determine the level of 
burn severity experienced in each pixel within a fire perimeter. A threshold for moderate 
burn severity of 316 RdNBR was used to eliminate all pixels that experienced low burn 
severity from the analysis (Miller and Thode 2007). This eliminates uncertainty that 
persists in the low severity range of the RdNBR product and guarantees that the 
vegetation in the analysis experienced burning. 
 EVI and snow frequency pixel values with an RdNBR value of 316 or higher one 
year preceding and one year succeeding each fire were extracted from ENVI and 
imported into the statistical package, R, where the Pearson’s correlation coefficient was 
calculated along with significance levels and confidence intervals.  
For those fires that exhibited a significant negative to positive shift in the 
Pearson’s correlation coefficient from pre- to post-fire, a 1 km control buffer around the 
fire perimeter was extracted and used to determine if the shift was an artifact of the fire. 
The Pearson’s correlation coefficient between winter snow frequency and summer EVI 
was calculated for the same two years (pre- and post-fire) for the area within the control 
buffers. Furthermore, the Pearson’s correlation coefficient between winter snow 
frequency and summer EVI four years before the fire was compared to the coefficients 
calculated from the four years after the fire using the Wilcoxon Rank Sum test. This test 
was used because the groups of correlation coefficients being compared did not all have ! 30!
normal distributions.  Comparing pre- and post-fire correlations was done to further 
determine if the shifts were artifacts of the fires. 
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Figure!2.1!Locator!map!and!burn!severity!of!the!Biscuit!Fire!in!southwestern!
Oregon!and!northern!California,!and!the!Kalmiopsis!Wilderness!within!the!fire!
perimeter!!! 32!
Figure!2.2!View!of!the!Biscuit!Fire!area!inside!the!Kalmiopsis!Wilderness!9!
years!postKfire!showing!high!severity!stand!replacing!fire!(top)!and!mixed!
severity!fire!mosaic!(bottom).!!
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Figure!2.3!Map!of!the!five!major!STATSGO!soil!polygon!classifications!within!
the!Biscuit!Fire!boundary!! 34!
Table!2.1!Soil!types!and!descriptions!within!each!of!the!five!major!STATSGO!
classification!polygons!within!the!Biscuit!Fire!
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Figure!2.4!Map!of!the!three!ecoregions!within!the!Biscuit!Fire!boundary.!
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Figure!2.5!Locator!Map!of!the!23!fires!used!in!the!regional!analysis!and!
their!land!cover!classifications!from!the!NLCD!
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Table!2.2!Name,!state,!year,!size!and!burn!severity!proportions!of!fires!used!in!
this!study!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!! 38!
Table!2.3!Physiographic!descriptors!of!fires!used!in!regional!analysis!!
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Table!2.4!Climate!descriptions!of!fires!used!in!regional!analysis!
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Figure!2.6!Example!of!western!United!States!winter!snow!frequency!and!summer!EVI!
 ! 41!
Figure!2.7!Equation!used!to!calculated!the!Enhanced!Vegetation!Index!
Figure!2.8!Equation!used!to!calculated!seasonal!snow!frequency!
   
€ 
€ 
EVI = 2.5
ρNIR−ρred
ρNIR+ 6•ρred − 7.5•ρblue+1 
EVI = enhanced vegetation index 
€ 
ρNIR = reflectance in near infrared band 
€ 
ρRED = reflectance in red band 
€ 
ρblue = reflectance in blue band 
!
 
 
 
 
€ 
snowfrequency= s/v 
s = # of snow observations in a season 
v = # fo valid observations in a season     
(2.7)!
(2.8)!! 42!
 
Figure!2.9!Illustration!of!dNBR!bias!toward!dense!forest!(Miller!and!Thode!2007)!! 43!
 
! Figure!2.10!Western!United!States!elevation!(top!left),!slope!(top!right),!
and!aspect!(bottom!left).!! 44!
Figure!2.11!2001!National!Land!Cover!Database!of!the!western!United!States!
       
!
!
! !
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Figure!2.12!Western!United!States!STATSGO!soil!classification!
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!
Figure!2.13!Example!of!western!United!States!average!summer!rainfall!
from!the!PRISM!dataset!
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Figure!2.14!Predictor!variables!and!response!variable!implemented!in!
NPMR!model!building!!
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Figure!2.15!1Kkm!buffer!around!the!perimeter!of!the!Biscuit!Fire!! 49!
Chapter 3. Results 
3.1 Local Analysis Results 
3.1.1 Biscuit Fire Area NPMR 
  Response curves from the Biscuit Fire annual (2001-2011) NPMR models 
showing summer EVI response to antecedent winter snow frequency at specific elevation 
bands are shown in Figures 3.1 through 3.11. They indicate that vegetation response to 
snow depends on elevation and the year. There is a clear shift in the relationship between 
snow, elevation, and EVI from before to after the Biscuit Fire burned.  
The snow frequency horizontal axes in all Biscuit Fire NPMR graphs share the 
same range, and all elevation slices share the same color scheme. The ranges of the 
summer EVI vertical axes in each graph differ depending on the range of EVI that year. 
The year before the fire, EVI ranged from 0.35 to 0.49, while the year after the fire EVI 
ranged from 0.15 to 0.31. Therefore, the EVI vertical axes in each graph reflect the 
corresponding range in EVI to effectively show predictor-response interactions.  All pre-
fire NPMR models have four predictor variables (winter snow frequency, elevation, 
slope, and aspect), and all post-fire NPMR models have the same four predictors plus 
burn severity (RdNBR). The xR
2 of the Biscuit Fire NPMR models range from 0.18 to 
0.49. Each of the predictor tolerances is listed in Appendix B. 
EVI response to snow frequency is clearly a function of both elevation and the 
condition of the vegetation; the regenerating post-fire vegetation response to snow 
exhibits a more positive response to snow frequency than the previous undisturbed ! 50!
vegetation before the fire. As time progresses after the fire, the EVI response to snow 
appears to revert back to the pre-fire state.  
The graphed slices from 2001 (Figure 3.1) illustrate predictor interactions 
between snow frequency and elevation, as EVI response to snow varies with elevation. In 
2001, elevations between 0 and 900 m indicate little to no relationship between snow 
frequency and EVI. Above 900 m, EVI appears to decline steeply with respect to snow 
particularly for the domain between 0 and 40% of snow frequency. Above 900 m EVI 
appears to have no relationship with snow frequency.   
A shift in the snow and EVI relationship occurs from pre to post-fire. In 2001 and 
2002 (Figures 3.1 and 3.2) EVI at almost all elevation bands exhibits a negative response 
to snow frequency or no relationship at all.  In 2003 (Figure 3.3, the following year after 
the burn), EVI at all elevation bands responds positively to winter snow frequency. This 
positive trend continues in 2004 (Figure 3.4), and in low elevations in 2005 (Figure 3.5). 
Above 1000 m in 2005, EVI response to snow resembles a concave hyperbolic curve, 
where EVI responds negatively to snow until about 50% snow frequency, after which 
EVI responds positively to snow frequency. In 2006 through 2008 (Figures 3.6 to 3.8), 
EVI at the lowest elevations still exhibits a positive response to snow frequency, while 
EVI at the highest elevations exhibits little to no relationship with snow frequency. In 
2009 and 2010 (Figures 3.9 and 3.10), EVI at all elevations exhibits a slight positive 
relationship with snow frequency, but by 2011 (Figure 3.11), the EVI response to snow 
frequency appears to be reverting back to the 2001 relationship.  ! 51!
Summer EVI sensitivity to each predictor variable is graphed for each year in 
Figure 3.12. Burn severity (the red line in Figure 3.12) has the strongest predictor 
importance out of all predictor variables throughout the time span of the analysis. 
However, the sensitivity to burn severity appears to taper off as time progresses after the 
fire. Summer EVI sensitivity to winter snow frequency (the blue line in Figure 3.12) 
peaks in 2003, the year after the fire burned. 2003 and 2004 are snow frequency’s years 
of highest predictor importance throughout the time span of the analysis.  
 
3.1.2 Biscuit Fire Control Buffer NPMR 
The Biscuit Fire control buffer analysis did not exhibit the same shift in the snow 
and EVI relationship as seen within the Biscuit Fire, suggesting the shift was due to the 
fire. Histograms comparing the spread and distribution of elevation within the Biscuit 
Fire area to that of the 1-km control buffer around the perimeter of the fire show that the 
elevation ranges are equal, but the distributions are not the same (Figure 3.13). The 
control buffer’s elevation histogram is slightly skewed right, and centered at about 500 
m, while the Biscuit Fire histogram exhibits a nearly normal distribution centered around 
750 m.   
The control buffer NPMR graphs (Figures 3.14 through 3.24) exhibit a very 
different temporal trend than those seen from inside the Biscuit Fire area.  EVI response 
to snow frequency is relatively constant from year to year, 2001-2011. Notably, the years 
2002 and 2003 (Figures 3.15 and 3.16) do not exhibit a shift from a negative to a positive 
EVI response to snow like that seen in the Biscuit Fire. The horizontal and vertical axes ! 52!
in all Biscuit Fire buffer control graphs share the same range and elevation band color 
scheme. The xR
2 values range from 0.15 to 0.35.   
Figure 3.25 illustrates the control buffer summer EVI sensitivity to each predictor 
variable for each year of the analysis. Snow frequency predictor importance exhibits a 
different temporal pattern than that of the Biscuit Fire. In 2003, the year after the Biscuit 
Fire burned, sensitivity to snow frequency is the same as in 2001, the year before the fire. 
Although 2004 exhibits a slight increase in snow frequency predictor importance, the 
years exhibiting the highest sensitivity to snow frequency are in 2009 and 2010. 
 
3.1.3 Biscuit Fire NPMR Soil Subsets  
NPMR slices from the Biscuit Fire STATSGO soil subsets indicate that soil type 
plays a fundamental role in post-fire vegetation response to winter snow. Three of the 
five soil classifications within the Biscuit Fire perimeter (6361, 6360, and 723) exhibit a 
clear shift toward a positive post-fire summer EVI and winter snow frequency 
relationship. EVI in the remaining two soil classifications (6377 and 6400) does not 
exhibit a clear shift toward a positive post-fire response to winter snow frequency. 
Horizontal and vertical axes as well as the color scheme of elevation slices in all graphs 
reflect the range in EVI, snow frequency, and elevation present within a particular soil 
subset and the range in EVI in a particular year (before or after the fire).  
Three soil subsets within the Biscuit Fire exhibited a shift to a post-fire positive 
relationship between snow frequency and EVI. The 6361 soil subset within the Biscuit 
Fire perimeter exhibited the strongest shift to a positive post-fire relationship between ! 53!
summer EVI and winter snow frequency (Figures 3.26 and 3.27). One year before the 
fire, EVI either has no relationship or responds negatively to snow frequency, and one 
year after the fire, EVI at all elevations has a steep positive relationship with snow 
frequency. The 723 soil subset also exhibited a clear shift to a positive post-fire 
relationship between EVI and snow frequency, most notably in the lowest elevations 
within this subset (Figures 3.28 and 3.29). Lastly, EVI in the 6360 soil subset exhibited a 
shift toward a positive post-fire response to winter snow frequence, most notably in the 
mid elevations, between 320 and 600 m (Figures 3.30 and 3.31). 
The last two soil subsets within the Biscuit Fire did not exhibit a shift to a post-
fire positive relationship between snow frequency and EVI. Instead, the year after the 
fire, low elevation EVI in the 6377 polygon appears to respond opposite to high elevation 
EVI throughout the snow frequency predictor space (Figure 3.33). EVI in the 6400 soil 
subset within the Biscuit Fire perimeter also does not exhibit a clear shift toward a 
positive post-fire response to winter snow frequency (Figures 3.34 and 3.35). Although 
post-fire EVI at high elevations respond positively to winter snow frequency in the 0 to 
45% snow frequency predictor space, this trend is not present in lower elevations or in 
the 45 to 80% predictor space.   
  Each soil classification subset contains three to four soil types. The soils of the 
6361, 6360, and 723 classifications all exhibited a clear shift to a positive post-fire 
relationship between summer EVI and snow frequency; ten out of 11 of the soils of these 
three classifications are coarse-textured and or skeletal.  Five out of six of the soils within 
the 6377 and 6400 classifications that did not exhibit a clear shift are fine, silty, or ! 54!
clayey. These results indicate that soil texture plays a major role in regenerating 
vegetation response to snow. 
 
3.2 Regional Analysis Results 
The Pearson’s correlation coefficient between winter snow frequency and median 
summer EVI one year before and one year after the 23 fires (Figure 3.36) indicates that 
fire affects vegetation response to snow differently across the western United States. The 
fires in Figure 3.36 are organized from left to right by west to east longitude. Figure 3.37 
illustrates the spatial patterns of the pre-fire correlations, the post-fire correlations, and 
the direction of the shift from pre- to post-fire correlations. The results were broken into 
groups according the their snow and EVI correlation dynamics: (1) fires that exhibited 
positive pre- and post-fire snow and EVI correlations, (2) fires that behaved similar to the 
Biscuit Fire, shifting in a positive direction from a negative to a positive or less negative 
post-fire snow and EVI correlation, and (3) fires that behaved different from the these 
two trends, shifting to a negative post-fire EVI and snow correlation.  
Eleven of the fires exhibited positive pre- and post-fire snow and EVI 
correlations, ten of which were significant (p-value < 0.05) positive pre- and post-fire 
correlations, (the Middle Fork Fire had an insignificant positive post-fire snow and EVI 
correlation). These ten fire areas were located on or east of the Sierra Nevada and 
Cascade Mountains (Figure 3.37), and consisted of soil textures that range from fine and 
clayey to coarse and skeletal. Eight out of ten of the fire areas consisted of greater than ! 55!
50% shrub, scrub, or herbaceous grass, (ranging from 52 to 99%) and had average 
elevations above 1600 m (ranging from 1612 to 2291 m). 
Seven fires, including the Biscuit Fire, exhibited a negative pre-fire snow and EVI 
correlation, and shifted in a positive direction to either a positive or less negative snow 
and EVI correlation after the fire. EVI in three of the 23 fires (the Blossom, Moonlight, 
and Antelope Fires) closely resembled that of the Biscuit Fire, exhibiting a shift from a 
pre-fire negative to a post-fire positive winter snow frequency and summer EVI 
correlation. Three fires (the Unnamed, Pigeon, and Tripod Fires) exhibited a similar shift 
from a pre-fire negative to a post-fire less negative or insignificant positive snow and EVI 
correlation. Six out of seven of these fires that shifted in a positive direction were located 
in northern California and southwestern Oregon (Figure 3.36), consisted of areas of 
loamy, skeletal, coarse textured soils, had at least 80% evergreen, deciduous, or mixed 
forest land cover (ranging from 82 to 89%), and covered areas of relatively low average 
elevation (from about 430 to 1708 m). 
The buffer control test on the Biscuit Fire from the previous local analysis 
suggested that the EVI and snow correlation shift seen from pre- to post-fire was an 
artifact of the fire. The same control buffer tests completed for three fires that closely 
resembled the Biscuit Fire’s behavior (the Blossom, Antelope, and Moonlight Fires) 
(Figure 3.38) suggest that the shifts were due to the fires. The shift from pre-fire negative 
to post-fire positive EVI and snow correlations for all three fires was not seen in the 
control buffer correlations. Instead, the control buffers around the Moonlight, Blossom, ! 56!
and Antelope Fires exhibited negative pre-fire snow and EVI correlations and either 
negative or insignificant positive post-fire snow and EVI correlations.  
Examining the Blossom, Moonlight, and Antelope Fires further, the Wilcoxon 
Rank Sum test results comparing the snow and EVI correlations from four years before 
and after each fire suggest that the shifts to a positive post-fire correlation were artifacts 
of the fires (Figure 3.38). Figure 3.38 shows box plots of each fire’s snow and EVI 
correlations four years before and after each fire and their Wilcoxon rank sum 
comparison results. The Blossom and Moonlight Fire Wilcoxon Rank Sum comparisons 
indicate significantly higher post-fire snow and EVI correlations after the fires (p-value < 
0.05), while the Antelope Fire only suggests the post-fire correlations were higher (p-
value = 0.2). These results generally support the evidence that the shifts were due to the 
fires.  
The remaining five fires exhibited different snow and EVI correlation dynamics 
behaving differently from the patterns seen from the rest of the fires. EVI and snow 
correlation coefficients from the B&B and Fawn Peak Fires exhibited shifts from an 
insignificant pre-fire correlation to a significant negative post-fire correlation. These two 
fire areas contained ashy, glassy, and fine soil textures, and at least 82% forest land cover 
classification. The Sailor Cap Fire also exhibited a different snow and EVI correlation 
dynamic, from a pre-fire significant positive to a post-fire significant negative snow and 
EVI correlation, located in southwestern Idaho. The Sailor Cap Fire consisted of 99% 
shrub, scrub, and grass, and soils with fine, silty, and mixed textures. Lastly, the Bridge 
and Ahorn Fires located in northeastern Idaho and western Montana, exhibited pre-fire ! 57!
positive snow and EVI correlation shift to an insignificant negative post-fire EVI and 
snow correlation. 
The regional analysis results illustrate how fire influences vegetation and snow 
relationships differently across the western United States. Elevation and vegetation type 
appear to play important roles in the snow and vegetation correlation patterns seen in this 
regional analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure!3.1!Summer!median!EVI!relationship!with!antecedent!winter!snow!
frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!2001.!
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Figure!3.2!Summer!median!EVI!relationship!with!antecedent!winter!snow!
frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!2002,!the!
year!of!the!fire.!
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Figure!3.3!Summer!median!EVI!relationship!with!antecedent!winter!snow!
frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!2003,!one!
year!after!the!fire.!
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Figure!3.4!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!
2004.!
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Figure!3.5!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!
2005.!
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Figure!3.6!Summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!
Biscuit!Fire!in!2006.!
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Figure!3.7!Summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!
Biscuit!Fire!in!2007.!
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Figure!3.8!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!
2008.!
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Figure!3.9!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!
2009.!
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Figure!3.10!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!
2010.!
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Figure!3.11!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!Biscuit!Fire!in!
2011.!
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Figure!3.12!Summer!median!EVI!sensitivity!to!each!of!the!predictor!variables!from!
2001!to!2011!
Figure!3.13!Histograms!of!the!elevation!within!the!Biscuit!Fire!(left)!and!1!km!
control!buffer!around!the!fire!perimeter!(right)!
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Figure!3.14!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2001!
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Figure!3.15!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2002!
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Figure!3.16!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2003!
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Figure!3.17!Summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!1!km!
control!Buffer!in!2004.!
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Figure!3.18!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2005!
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Figure!3.19!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2006!
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Figure!3.20!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2007!
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Figure!3.21!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2008!
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Figure!3.22!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2009!
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Figure!3.23!Summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!1!km!control!
Buffer!in!2010!
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Figure!3.24!Summer!median!EVI!relationship!with!antecedent!winter!snow!
frequency!at!different!elevation!bands!within!the!1!km!control!Buffer!in!
2011!
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Figure!3.25!1Kkm!control!buffer!summer!median!EVI!sensitivity!to!each!of!the!
predictor!variables!from!2001!to!2011!
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Figure!3.26!PreKfire!summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!6361!soil!
polygon!in!2001!
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Figure!3.27!PostKfire!summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!6361!soil!polygon!in!
2003!
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Figure!3.28!PreKfire!summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!723!soil!
polygon!in!2001!
!
!
!
!!
!
!
!! 85!
Figure!3.29!PostKfire!summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!within!the!723!soil!polygon!in!
2003!
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Figure!3.30!PreKfire!summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!6360!soil!
polygon!in!2001!
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Figure!3.31!PostKfire!summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!within!the!6360!soil!
polygon!in!2003!
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Figure!3.32!PreKfire!summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!6360!soil!polygon!in!
2001!
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Figure!3.33!PostKfire!summer!median!EVI!relationship!with!antecedent!
winter!snow!frequency!at!different!elevation!bands!6377!soil!polygon!in!
2003!
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Figure!3.34!PreKfire!summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!6400!soil!polygon!in!2001!
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Figure!3.35!PostKfire!summer!median!EVI!relationship!with!antecedent!winter!
snow!frequency!at!different!elevation!bands!6400!soil!polygon!in!2003!
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Figure!3.36!Pearson’s!Correlation!Coefficient!between!winter!snow!frequency!
and!summer!EVI!one!year!before!(green!bars)!and!one!year!after!(orange!bars)!
each!of!the!23!fires!
!
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Figure!3.37!Spatial!representation!of!the!Pearson’s!Correlation!Coefficient!one!
year!before!(top!left)!one!year!after!(top!right)!and!the!difference!between!the!
two!years!(bottom!left).!Red!circles!Indicate!positive!correlations,!blue!circles!
indicate!negative!correlations,!and!the!size!of!the!circles!indicate!the!magnitude!
of!the!correlations.!!
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Figure!3.38!Box!plots!comparing!the!Pearson’s!correlation!coefficients!from!four!
years!before!and!after!the!Blossom,!Moonlight,!and!Antelope!Fires,!and!the!
Wilcoxon!Rank!Sum!comparison!pKvalues.!!! 96!
Chapter 4 Discussion 
 
4.1 Local Analysis Discussion 
 
The local analysis results on the Biscuit Fire suggest that post-fire summer 
median EVI may be more dependent on snowmelt as a water resource.  
The NPMR models from the 1-km buffer control do not exhibit a shift in EVI response to 
snow throughout the 11-year span of the datasets. They are, however, shaped differently 
from the pre-fire NPMR model within the Biscuit Fire. These discrepancies may be due 
to the difference in elevation distributions between the 1-km control buffer and the area 
inside the Biscuit Fire boundary. They may also be due to differences in the landscape 
that may have dictated the location of the fire boundary. 
The local analysis results also indicate that post-fire vegetation within certain soil 
subsets are more dependent on snow as a water resource than pre-fire mature vegetation. 
NPMR modeling of the Biscuit Fire area subset by STATSGO soil polygons highlighted 
that the skeletal and loamy, coarse-textured soils exhibited the clearest shift to a positive 
post-fire vegetation response to snow. The fine textured clayey soils did not exhibit this 
type of shift.  
Soil texture and organic matter dictates the soil’s permeability, drainage, and 
water holding capacity (Adamu and Aliyu 2012), which may explain why the snow and 
EVI relationships vary between soil textures. Vegetation overlying coarse-grained and 
excessively drained soils will establish root systems that extend into the deeper soil 
horizons that are not as affected by summer moisture deficits (David et al. 2004). Plants ! 97!
in arid environments with extended dry seasons tend to grow the deepest roots to access 
water in deep layers (Canadell et al. 1996). David et al. (2004) found that certain tree 
species are able to maintain hydrologic conductance during dry summer months in 
shallow soils with low water storage capacity because the roots tap into soil layers 13 m 
deep in order to sustain summer transpiration when the upper soil dries out. Mature root 
system’s lack of dependence on upper horizon moisture could explain the pre-fire 
vegetation’s negative or non-responsive relationship with winter snow in the areas with 
coarse-grained soils within the Biscuit Fire.  
After the fire, regenerating vegetation had not yet established deep root systems, 
and therefore might have a more pronounced dependence on snowmelt as a water 
resource. Two years after the Biscuit Fire, hardwoods and woody shrubs covered an 
averaged 25% of the area while forbs and low shrubs covered 34% of the area. Four years 
after the fire, average hardwood-shrub cover was 33%, while average forb and low shrub 
cover was 48% (Donato et al. 2009a). Canadell et al. (1996) found that maximum rooting 
depths of trees are about 2.9 m greater than those of shrubs, and 4.4 m greater than those 
of herbaceous plants. The abundance of short-rooted shrubs and forbs could explain the 
shift to a positive post-fire EVI response to winter snow frequency in areas with coarse-
textured soils. The shrubs and forbs that began to grow immediately after the Biscuit Fire 
were accessing shallower layers in the coarse-textured soils, and may have been more 
dependent on snowmelt to photosynthesize. The fine-textured clayey soil subsets within 
the Biscuit Fire may not have shown a positive response to winter snow before or after ! 98!
the fire because they have a greater water holding capacity that can better retain year 
around moisture.  
The patterns seen in the NPMR model soil subsets could also be due to the type of 
plant communities that grow in each soil subset. Further analysis incorporating more 
robust vegetation and soil texture datasets as predictor variables for the vegetation 
response variable could help decipher the complex relationships between vegetation, soil 
texture, snow, and EVI.   
 
4.1.1 Uncertainty and Error 
The remote sensing data sets used to build the NPMR models (DEM, RdNBR, 
EVI, and snow frequency) were assumed to be relatively accurate representations of 
ground characteristics. However, all remote sensing products contain error. For example, 
Guindin-Garcia et al. (2012) found that the coarse resolution 500m MOD09A1 MODIS 
reflectance product has higher uncertainty than finer resolution products, likely due to 
signal contamination from surrounding areas. The satellite’s ability to observe snow on 
the ground also depends on forest canopy density. Because we are comparing pre- and 
post-fire environments, the post-fire absence of a tree canopy could influence the year-to-
year comparison of snow and EVI correlations. Furthermore, because the winter snow 
frequency product was used as a predictor variable for the EVI response variable, spring 
snow accumulation and melt was ignored in the models. The contribution of spring snow 
could influence the summer EVI response to winter snow frequency.    
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4.2 Regional Analysis Discussion 
The primary interest of the regional analysis was to determine if vegetation 
response to snow in other fire areas behaved similar to that of the Biscuit Fire. Three of 
the 23 fires (the Antelope, Moonlight, and Blossom Fires) exhibited a similar shift in 
snow and EVI correlation coefficients from pre- to post-fire as seen in the Biscuit Fire. 
Control buffer tests and comparisons of the snow-vegetation correlations four years 
before and after the fires burned suggest that the shifts were due to the fires. Although the 
Unnamed, Pigeon, and Tripod Fires did not exhibit shifts to significant positive snow and 
EVI correlations, they did exhibit shifts in a positive direction after the fires. Six out of 
seven of these fires that shifted in a positive direction were clustered in northern 
California and southwestern Oregon, consisted of areas of loamy, skeletal, coarse 
textured soils, had at least 80% evergreen, deciduous, or mixed forest land cover (ranging 
from 82 to 89%), and covered areas of relatively low average elevation (from about 430 
to 1708 m). Because the majority of these fires had similar soil textures to those of the 
Biscuit Fire, the shifts after the fires could be explained by the same root length and soil 
moisture availability dynamic as explained in the Biscuit Fire discussion. Although each 
of the four fires primarily contained forest classification, the shorter root lengths of 
shrubs and forbs that are the initial successors after a fire may make the post-fire 
vegetation more dependent on snowmelt as a water resource.  
Ten of the 23 fires had significant positive (p-value < 0.05) correlation 
coefficients pre- and post-fire. In these regions, snow probably acts as an important water 
resource for vegetation regardless of the condition of the vegetation (mature or ! 100!
regenerating). These ten fire areas consisted of soil textures that range from fine and 
clayey to coarse and skeletal. Eight out of ten of the fire areas consisted of greater than 
50% shrub, scrub, or herbaceous grass, (ranging from 52 to 99%) and had average 
elevations above 1600 m (ranging from 1612 to 2291 m). Because the majority of these 
fires contained a large proportion of shrub, scrub, and grass land cover, and the fires that 
behaved similar to the Biscuit Fire predominantly consisted of forests, the shorter shrub, 
scrub, and grass vegetation may be more dependent on snowmelt as a water resource.  
Furthermore, because the majority of these fires also had relatively high elevations, 
vegetation at the higher elevation range of this analysis may be more dependent on snow 
as a water resource.  
The 1600 to 2200 elevation range associated with positive pre and post-fire snow 
and EVI correlations in this analysis is consistent with Trujillo et al (2012), who found 
that vegetation at elevations between 1800 and 2100 m had the highest sensitivity to 
snow in the Sierra Nevada. Furthermore, the majority of the fires that exhibited negative 
pre-fire snow and EVI correlations had average elevations below 1700 m., which is again 
mostly consistent with Trujillo et al. (2012), who suggested that vegetation at elevations 
below 1,800 m are less sensitive to snow because a greater proportion of precipitation 
falls as rain versus snowfall.  
To exemplify the relationship between vegetation type and elevation seen in the 
regional analysis results, consider the patterns of four California fires, two with relatively 
low average elevations and greater than 80% forest land cover (the Moonlight and 
Antelope Fires) and two with relatively high average elevations and greater than 50% ! 101!
shrub and grass land cover (the McNally and Cannon Fires). The two higher elevation, 
shrub and grass covered fires exhibited significant positive pre- and post-fire snow and 
EVI correlations. This could be due to their location above the transient snow zone and or 
the shrub and grasses’ dependence on snowmelt as a water resource. The two lower 
elevation forest covered fires exhibited a negative pre-fire snow and EVI correlation, 
possibly due to their location in the lower transient snow zone and or the forest’s deeper 
root systems that are not as dependent on snowmelt. However, both of these fires 
exhibited shifts to positive post-fire snow and EVI correlations. This could be explained 
by the regenerating shrubs and grasses higher dependence on snowmelt as a water 
resource, especially in the coarse-textured soils with a low water hold capacity. This 
comparison demonstrates that although higher elevation undisturbed vegetation may be 
more dependent on snowmelt (Trujillo et al. 2012), lower elevation regenerating 
vegetation may also be dependent on snowmelt as a water resource, especially as wildfire 
activity increases in the future.  
EVI response to snow in two of the fires behaved differently from the patterns 
seen throughout the rest of the fires. EVI and snow correlation coefficients from the B&B 
and Fawn Peak Fires exhibited shifts from an insignificant pre-fire correlation to a 
significant negative post-fire correlation. These two fire areas contained ashy, glassy, and 
fine soil textures, and at least 82% forest land cover classification. The combination of 
vegetation with deep root systems and soils with a high water holding capacity could 
explain why the vegetation was not positively correlated with snow before or after the 
fires. ! 102!
Lastly, the Sailor Cap Fire of southern Idaho also exhibited a different snow and 
EVI correlation dynamic, from a significant positive pre-fire correlation to a significant 
negative post-fire correlation. The Sailor Cap Fire consists of 99% shrub, scrub, and 
grass, and soils with fine, silty, and mixed textures. Further analysis on the antecedent 
and subsequent years to the fire would help determine if this pattern was an anomaly 
from the norm or a true representation of a positive to negative snow and EVI correlation 
shift.  
 
4.2.1 Uncertainty and Error 
  Because the primary interest of the regional analysis was to determine if other 
fires behaved similar to the Biscuit Fire, only one year before and one year after each fire 
was analyzed (aside from the Antelope, Moonlight, and Blossom Fires, in which the four 
years before and after each year were also explored to verify that the shifts were not 
random). Countless factors may influence the relationship betweens now and vegetation 
that were not incorporated in this analysis (weather, human influence, depth to bedrock), 
and could have influenced the correlations calculated. Because only two years were 
analyzed, the snow and EVI correlations in any single year could have represented an 
anomaly from the norm. Further analysis incorporating snow and vegetation correlations 
from a longer dataset, such as from the Landsat satellites, could help eliminate the 
possibility of representing anomalies from the norm.  
  The 23 fires chosen in the regional analysis were not randomly selected. Because 
this not a randomized experiment, inferences across the western United States cannot be ! 103!
made, leaving only the opportunity for observational conclusions. To make broad-scale 
inferences, future research should determine all wildfires in the western United States 
that fulfill certain criteria, and then take a random sample of those fires to include in 
analysis.  
Furthermore, the Pearson’s correlation coefficient is a parametric test that 
assumes linearity. The Biscuit Fire NPMR models illustrated that although the snow and 
EVI relationships were usually linear, sometimes they were non-linear. If the snow and 
EVI relationships were non-linear for any of the years incorporated from the 23 fires, this 
could have distorted the patterns seen. Also, EVI and snow frequency are both 
autocorrelated datasets (Appendix C), which could also influence the magnitude of the 
correlation coefficients. However, because the primary interest was to determine if there 
was a negative to positive shift in the correlation coefficients from pre- to post-fire, this 
was not considered an issue.  
Lastly, like the local analysis, the remote sensing products that were used to 
calculate the Pearson’s correlation coefficients (EVI and snow frequency) contain 
inherent uncertainty and error. The datasets used to characterize each fire site were also 
acquired via remote sensing and contain inherent uncertainty and error. The SNOTEL 
sites are limited, and were only available to characterize the snow for 14 of the 23 fires. 
This could have inhibited finding any relationships between the snow characteristics 
(peak SWE, peak SWE date, snow-all-gone date, and the difference between the peak 
SWE date and snow-all-gone date) and the snow and EVI correlations.  
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Chapter 5. Conclusion 
Summer vegetation response to winter snow is a function of numerous variables, 
some of which have not yet been considered. However, this study shows that elevation, 
vegetation type, and soil texture appear to influence the relationship between snow and 
subsequent summer vegetation biomass. 
Locally, in the case of the 2002 Biscuit Fire in southwest Oregon and northern 
California, elevation and the condition of vegetation (undisturbed vs. regenerating) are 
shown to influence the relationship between snow and vegetation. Before the fire burned, 
summer EVI had no relationship or responded negatively, depending on elevation, with 
respect to winter snow frequency. The year after the fire, summer EVI in coarse-textured 
soils responded positively to winter snow frequency at all elevations. Summer EVI 
sensitivity to snow frequency also increased the year after the Biscuit Fire burned. This 
positive relationship between snow frequency and summer EVI appeared to be reverting 
back to the pre-fire relationship as the years progressed after the fire.  
Regionally, analysis of 23 fires across the western United States indicated that fire 
does not have the same affect on vegetation response to snow everywhere in the West. In 
fact, many of the fires did not behave similar to the Biscuit Fire and exhibited positive 
correlations between snow and EVI before and after the fires burned. The majority of 
these fires had relatively high average elevations and a large proportion of shrub, scrub, 
and grass land cover. Several fires did behave similar to the Biscuit Fire, with negative 
pre-fire snow and EVI correlations that shifted in a positive direction after the fires. The ! 105!
majority of these fires were clustered in northern California and southwestern Oregon and 
contained coarse-textured soils, like the Biscuit Fire.  
Impending increases in wildfire frequency, size, and length of fire season across 
the West will result in more burned areas experiencing primary succession. Impending 
reductions in SWE and earlier snowmelt regimes will result in lower summer soil 
moisture for the regenerating vegetation (McNamara et al. 2005). Moisture levels have 
already been shown to influence successional trajectories, changing the dominant tree 
species found in some forests after wildfires (Johnstone et al. 2010).  
In a warmer future climate, changes to the spatial and temporal moisture 
dynamics across the West could have major implications for regenerating plant 
communities. Successional trajectories may change if snowmelt contribution to summer 
soil moisture decreases or occurs earlier in the spring. The large indigenous plant 
communities that have historically regenerated after fires in the Biscuit Fire region could 
be at risk due to changes in the snowmelt-soil moisture regime, especially those that 
responded positively to winter snow in this study. If snowmelt occurs earlier and or 
contributes less summer moisture, the type of vegetation that regenerates or the amount 
of time it takes for the vegetation to grow may change. Changes to interannual soil 
hydrology and fire regimes can provide niches for invasive species to be introduced, 
many of which are aggressive and adapted to thrive in disturbed landscapes (Keeley 
2006; Gritti et al. 2006; Kenzie et al. 2004). Considering many fires in this study 
exhibited positive post-fire correlations with winter snow, successional trajectories across 
the West may be at risk of change with a shift in the hydrologic cycle. ! 106!
Bibliography 
!
Adamu, G. K., and A. K. Aliyu, 2012: Determination of the Influence of Texture and 
Organic Matter on Soil Water Holding Capacity in and Around Tomas Irrigation 
Scheme , Dambatta Local Government Kano State. 4, 1038–1044. 
 
Azuma, D. L., J. Donnegan, and D. Gedney, 2004: Southwest Oregon Biscuit Fire!: An 
Analysis of Forest Resources and Fire Severity. 
 
Barnett, T., R. Malone, W. Pennell, D. Stammer, B. Semtner, and W. Washington, 2004: 
The effects of climate change on water resources in the West: Introduction and 
overview. Climatic Change, 62, 1–11. 
 
Barnett, T. P., J. C. Adam, and D. P. Lettenmaier, 2005: Potential impacts of a warming 
climate on water availability in snow-dominated regions. Nature, 438, 303–309. 
 
Burles, K., and S. Boon, 2011: Snowmelt energy balance in a burned forest plot, 
Crowsnest Pass, Alberta, Canada. Hydrological Processes, 3029, 
doi:10.1002/hyp.8067. 
 
Canadell, J., R. B. Jackson, J. R. Ehleringer, H. A. Mooney, O. E. Sala, and E.-D. 
Schulze, 1996: Maximum rooting depth of vegetation types at the global scale. 
Oecologia, 108, 583–595. 
 
Daly, C., R. Neilson, and R. Phillips, 1994: A Statistical-Topographic Model for 
Mapping Climatological Precipitation over Mountainous Terrain. Journal of Applied 
Meteorology, 33, 140–158. 
 
Daly, C., W. P. Gibson, G. H. Taylor, G. L. Johnson, and P. Pasteris, 2002: A 
knowledge-based approach to the statistical mapping of climate. 22, 99–113. 
 
Das, T., D. W. Pierce, D. R. Cayan, J. a. Vano, and D. P. Lettenmaier, 2011: The 
importance of warm season warming to western U.S. streamflow changes. 
Geophysical Research Letters, 38, doi:10.1029/2011GL049660. 
 
David, T. ., M. . Ferreira, S. Cohen, J. . Pereira, and J. . David, 2004: Constraints on 
transpiration from an evergreen oak tree in southern Portugal. Agricultural and 
Forest Meteorology, 122, 193–205, doi:10.1016/j.agrformet.2003.09.014. 
 
Densmore, R., and J. Zasada, 1983: Seed dispersal and dormancy patterns in northern 
willows: ecological and evolutionary significance. Canadian Journal of Botany, 61, 
3207–3216. 
 ! 107!
Donato, D. C., J. B. Fontaine, J. L. Campbell, W. D. Robinson, J. B. Kauffman, and B. E. 
Law, 2009a: Conifer regeneration in stand-replacement portions of a large mixed-
severity wildfire in the Klamath–Siskiyou Mountains. Canadian Journal of Forest 
Research, 39, 823–838, doi:10.1139/X09-016. 
 
Donato, D. C., J. B. Fontaine, W. D. Robinson, J. B. Kauffman, and B. E. Law, 2009b: 
Vegetation response to a short interval between high-severity wildfires in a mixed-
evergreen forest. Journal of Ecology, 97, 142–154, doi:10.1111/j.1365-
2745.2008.01456.x. 
 
Franklin, J. F. and Coauthors, 2002: Disturbances and structural development of natural 
forest ecosystems with silvicultural implications, using Douglas-fir forests as an 
example. Forest Ecology and Management, 155, 399–423. 
 
Geroy, I. J., M. M. Gribb, H. P. Marshall, D. G. Chandler, S. G. Benner, and J. P. 
McNamara, 2011: Aspect influences on soil water retention and storage. 
Hydrological Processes, 25, 3836–3842, doi:10.1002/hyp.8281. 
 
Graham, R. T., S. McCaffrey, and T. B. Jain, 2004: Science Basis for Changing Forest 
Structure to Modify Wildfire Behavior and Severity. 
 
Gritti, E. S., B. Smith, and M. T. Sykes, 2006: Vulnerability of Mediterranean Basin 
ecosystems to climate change and invasion by exotic plant species. Journal of 
Biogeography, 33, 145–157, doi:10.1111/j.1365-2699.2005.01377.x. 
 
Halofsky, J. E. and Coauthors, 2011: Mixed-severity fire regimes: lessons and hypotheses 
from the Klamath-Siskiyou Ecoregion. Ecosphere, 2, art40, doi:10.1890/ES10-
00184.1. 
 
Halpern, C., and J. Franklin, 1990: Physiognomic development of Pseudotsuga forests in 
relation to initial structure and disturbance intensity. International Association for 
Vegetation Science, 1, 475–482. 
 
Homer, C. H., J. A. Fry, and C. A. Barnes, 2012: The National Land Cover Database. 
 
Huete, a, K. Didan, T. Miura, E. . Rodriguez, X. Gao, and L. . Ferreira, 2002: Overview 
of the radiometric and biophysical performance of the MODIS vegetation indices. 
Remote Sensing of Environment, 83, 195–213, doi:10.1016/S0034-4257(02)00096-
2. 
 
Johnstone, J. F., F. S. Chapin, and F. Stuart, 2006: Effects of Soil Tree Boreal Burn 
Severity Recruitment Forest on in. Ecosystems, 9, 14–31.  
 
 ! 108!
Johnstone, J. F., T. N. Hollingsworth, F. S. Chapin, and M. C. Mack, 2010: Changes in 
fire regime break the legacy lock on successional trajectories in Alaskan boreal 
forest. Global Change Biology, 16, 1281–1295, doi:10.1111/j.1365-
2486.2009.02051.x. 
 
Keeley, J. E., 2006: Fire Management Impacts on Invasive Plants in the Western United 
States. Conservation Biology, 20, 375–384, doi:10.1111/j.1523-1739.2006.00339.x. 
 
Kenzie, D. M. C., Z. E. E. V Gedalof, D. L. Peterson, and P. Mote, 2004: Climatic 
Change , Wildfire , and Conservation. 18, 890–902. 
 
Knowles, N., M. D. Dettinger, and D. R. Cayan, 2006: Trends in snowfall versus rainfall 
in the Western United States. Journal of Climate, 19, 4545–4559, 
doi:10.1175/jcli3850.1. 
 
Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel, 2006: World Map of the 
Köppen-Geiger climate classification updated. Meteorologische Zeitschrift, 15, 259–
263, doi:10.1127/0941-2948/2006/0130. 
 
Legates, D. R., R. Mahmood, D. F. Levia, T. L. DeLiberty, S. M. Quiring, C. Houser, and 
F. E. Nelson, 2010: Soil moisture: A central and unifying theme in physical 
geography. Progress in Physical Geography, 35, 65–86, 
doi:10.1177/0309133310386514. 
 
Löffler, J., 2007: The influence of micro-climate, snow cover, and soil moisture on 
ecosystem functioning in high mountains. Journal of Geographical Sciences, 17, 3–
19, doi:10.1007/s11442-007-0003-3. 
 
Maurer, E. P., 2007: Uncertainty in hydrologic impacts of climate change in the Sierra 
Nevada, California, under two emissions scenarios. Climatic Change, 82, 309–325, 
doi:10.1007/s10584-006-9180-9. 
 
McCabe, G. J., and D. M. Wolock, 2009: Long-term variability in Northern Hemisphere 
snow cover and associations with warmer winters. Climatic Change, 99, 141–153, 
doi:10.1007/s10584-009-9675-2. 
 
McCune, B., 2006: Non-parametric habitat models with automatic interactions. Journal 
of Vegetation Science, 17, 819–830, doi:10.1111/j.1654-1103.2006.tb02505.x. 
 
Mccune, B., 2011: Nonparametric Multiplicative Regression for Habitat Modeling. 
<http://www.pcord.com/NPMRintro.pdf>. 
 ! 109!
McNamara, J. P., D. Chandler, M. Seyfried, and S. Achet, 2005a: Soil moisture states, 
lateral flow, and streamflow generation in a semi-arid, snowmelt-driven catchment. 
Hydrological Processes, 19, 4023–4038, doi:10.1002/hyp.5869. 
 
Miller, J. D., and A. E. Thode, 2007: Quantifying burn severity in a heterogeneous 
landscape with a relative version of the delta Normalized Burn Ratio (dNBR). 
Remote Sensing of Environment, 109, 66–80, doi:10.1016/j.rse.2006.12.006. 
 
Morgan, P., E. K. Heyerdahl, and C. E. Gibson, 2008: Multi-season climate synchronized 
forest fires throughout the 20th century, northern Rockies, USA. Ecology, 89, 717–
728, doi:10.1890/06-2049.1. 
 
Moritz, M., M.-A. Parisien, E. Batllori, M. Krawchuk, J. Van Dorn, D. Ganz, and K. 
Hoyhoe, 2012: Climate change and disruptions to global fire activity. ecosphere, 3, 
1–22. 
 
Mote, P. W., 2006: Climate-driven variability and trends in mountain snowpack in 
western North America. Journal of Climate, 19, 6209–6220, doi:10.1175/jcli3971.1. 
 
Mote, P. W., A. F. Hamlet, M. P. Clark, and D. P. Lettenmaier, 2005: Declining 
Mountain Snowpack in Western North America*. Bulletin of the American 
Meteorological Society, 86, 39–49, doi:10.1175/BAMS-86-1-39. 
 
Pederson, G. T. and Coauthors, 2011: The Unusual Nature of Recent Snowpack Declines 
in the North American Cordillera. Science, 333, 332–335, 
doi:10.1126/science.1201570. 
 
Perkins, D., and T. Swetnam, 1996: A Dendroecological assesment of whitebark pine in 
the Sawtooth - Salmon River region, Idaho. Canadian Journal of Forest Research, 
26, 2123–2133. 
 
Pomeroy, J. W., and K. Dion, 1996: Winter Radiation Extinction and Reflection in a 
Boreal Pine Canopy: Measurements and Modeling. Hydrological Processes, 10, 
1591–1608, doi:10.1002/(SICI)1099-1085(199612)10:12<1591::AID-
HYP503>3.0.CO;2-8. 
 
Rogers, B. M., R. P. Neilson, R. Drapek, J. M. Lenihan, J. R. Wells, D. Bachelet, and B. 
E. Law, 2011: Impacts of climate change on fire regimes and carbon stocks of the 
U.S. Pacific Northwest. Journal of Geophysical Research-Biogeosciences, 116, 13, 
doi:10.1029/2011jg001695. 
 
Saxton, K. E., and W. J. Rawls, 2006: Soil Water Characteristic Estimates by Texture and 
Organic Matter for Hydrologic Solutions. Soil Science Society of America Journal, 
70, 1569, doi:10.2136/sssaj2005.0117. ! 110!
 
Serreze, M. C., M. P. Clark, R. L. Armstrong, D. a. McGinnis, and R. S. Pulwarty, 1999: 
Characteristics of the western United States snowpack from snowpack telemetry 
(SNOTEL) data. Water Resources Research, 35, 2145, 
doi:10.1029/1999WR900090. 
 
Smith, T. J., J. P. McNamara, a. N. Flores, M. M. Gribb, P. S. Aishlin, and S. G. Benner, 
2011: Small soil storage capacity limits benefit of winter snowpack to upland 
vegetation. Hydrological Processes, 25, 3858–3865, doi:10.1002/hyp.8340. 
 
Stein, W. I., 1978: Naturally Developed Seedling Roots of Five Western Conifers. 
 
Stewart, I., D. Cayan, and M. Dettinger, 2005: Changes toward Earlier Streamflow 
Timing across Western North America. American Meteorological Society, 18, 1136–
1155. 
 
Stoelinga, M. T., M. D. Albright, and C. F. Mass, 2010: A New Look at Snowpack 
Trends in the Cascade Mountains. Journal of Climate, 23, 2473–2491, 
doi:10.1175/2009jcli2911.1. 
 
Trujillo, E., N. P. Molotch, M. L. Goulden, A. E. Kelly, and R. C. Bales, 2012: 
Elevation-dependent influence of snow accumulation on forest greening. Nature 
Geoscience, 5, 705–709, doi:10.1038/ngeo1571. 
 
Westerling, A. L., H. G. Hidalgo, D. R. Cayan, and T. W. Swetnam, 2006: Warming and 
earlier spring increase western US forest wildfire activity. Science, 313, 940–943, 
doi:10.1126/science.1128834. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ! 111!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ! 112!
Appendix A. Table of summer EVI sensitivity to each predictor variable each year of the 
analysis within the Biscuit Fire area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix B. Table of predictor variable tolerances and tolerance percentages for each 
year of the analysis within the Biscuit Fire area.   
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Appendix C. Semivariogram of EVI within the Blossom Fire illustrating 
      EVI autocorrelation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 